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Abstract  
 
Non linear deformation of concrete has an adverse impact on high-rise buildings with complex 
geometries due to differential axial shortening. These adverse effects are caused by time dependent 
behaviour resulting in volume change known as “shrinkage”, “creep” and “elastic” deformation. These 
three phenomena govern the behaviour and performance of all concrete elements during and after 
construction. Reinforcement content, variable concrete modulus, volume to surface area ratio of 
elements, environmental conditions and construction quality influence the performance of concrete 
elements and differential axial shortening will occur in all structural systems. Their detrimental effects 
escalate with increasing height and non vertical load paths resulting from geometric complexity. The 
magnitude of these effects  have a significant impact on building envelopes, building services, 
secondary systems  and the life time serviceability and performance  
 
Analytical and test procedures available to quantify the magnitude of these effects are limited to a 
very few parameters and are not adequately rigorous to capture the complexity of true time 
dependent material response.  
 
With these in mind, a research project has been undertaken to develop an accurate numerical 
procedure to quantify deformation and distortions of structure due to differential axial shortening. 
Additionally, a new practical concept based on the variation of vibration characteristic of structure 
during and after the construction will be developed and used to quantify the axial shortening and to 
asses its performance. 
 
Keywords: Axial shortening, Concrete buildings, Creep, Shrinkage, Elastic deformation, Vibration 
characteristic of structure 
 
 
Introduction 
Currently many developers economize on land area by constructing high rise 
buildings. More recently, construction of several high rise buildings are in concrete 
since concrete becomes very economical where dimensions are repetitive from floor 
to floor, allowing forms to be re-used. Concrete requires less lead time to obtain 
material than steel, which allows the construction process to begin much earlier. 
Relatively simple concrete walls can replace steel bracing lines with complex steel 
connections. Unlike structural steel, concrete does not require fireproofing. It has an 
inherent soundproofing quality and most importantly, in this day and age, its 
resistance to fire, smoke and mechanical penetration can provide a safe heaven or 
building, which include the elevators, bathrooms and stairwell shafts within a group 
of concrete shear walls. Thus, presently, reinforced concrete plays a significant role 
in high rise building constructions (Neville, 2005, p 410) (Fintal & Fazlur, 1971,p 
100). 
 
Concrete has three significant modes of volume change after being placed. 
Shrinkage, as the name implies causes the concrete volume to decrease as the 
water within it dissipates and the chemical process of concrete causes hardening to 
occur. Elastic shortening occurs immediately as hardened concrete is loaded and is 
a function of the applied stress, the length of the concrete element and the modulus 
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of elasticity. Creep is a long-term effect that causes the concrete to deform under 
exposure to sustained loading. These three phenomena happen in every concrete 
structure (Neville, 2005, p 410).  
 
During construction of high rise buildings, the vertical elements are subjected to a 
number of load increments. Each load increment causes elastic shortening of 
columns and shear walls and it will also lead to long term creep and shrinkage 
shortenings of such elements. The design of some columns is governed by the 
combined gravity and lateral load requirements, whereas some other columns are 
designed for gravity loads with different tributary areas. This means that adjacent 
columns may have different percentages of reinforcement which carry different axial 
loads and have different volume to surface ratios. As a result, differential axial 
shortening, which is the relative movement between adjacent vertical members, 
occurs in these structural members. Although, the differential axial shortening of 
vertical elements will not affect those elements very much, horizontal elements such 
as beams and slabs could be seriously affected. The slabs may not be truly 
horizontal after some time. Beams could be subjected to higher bending moments 
and shear forces when connected to perimeter columns and inner shear walls. 
These could have certain structural effects and could also affect the non-structural 
elements such as finishes, claddings, pipe lines, elevator functioning etc. (Fintal & 
Fazlur, 1971,p 100). 
 
The problems occurring due to the differential axial shortening were first observed 
and reported when increasing height of building. Several analytical and test 
procedures have been introduced to quantify the magnitude of these effects. 
However, they are limited to a very few parameters and are not adequately rigorous 
to capture the complexity of true time dependent material response.  
 
Moreover, measuring the axial shortenings of the concrete elements during and after 
the construction period using gauges such as vibrating wire gauges, external 
mechanical gauges, electronic strain gauges etc to verify the pre-estimated amount 
obtained from the analytical procedures is another method, but installing these 
gauges on the concrete elements during the construction and protecting them during 
and after the construction are not an economical as well as convenient task. As a 
result, this method is excluded from most construction sites.            
 
With this in mind, from a practical design point of view, a simple and accurate 
numerical method to predict the long-term shortening of concrete structures and a 
simple practical concept to quantify the pre-estimated axial shortening are necessary 
especially for buildings which are tall and have complex geometries and 
mechanisms. 
 
 
Finite Element Technique 
Advanced Finite Element Methods are becoming more accessible in the design 
offices nowadays since they can be used to capture the behaviour of structure under 
different load conditions accurately. At present these methods are successfully 
implemented at design stage of high rise buildings being constructed (Smith & 
Loull,1991) (Baker,Korista, Novak & Young, 2007,p 210) (Baker, Korista & Novak, 
2007, p 370). The numerical method described in this paper is based on Advanced 
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Finite Element Method and popular creep and shrinkage models of the GL2000 
method (Gardner, 2004, p 770). The GL2000 method has been developed recently 
and creep, shrinkage and elastic deformation models of this method are now 
becoming more popular as they are very accurate as well as convenient to apply for 
design procedures (Goel,Kumar & Paul ,2007,p 250). 
 
 
Relationship for vibration characteristics 
Significant works has been done in the area of the health monitoring of structures 
using changes in the dynamic response. Because the natural frequencies and mode 
shapes of a structure depend on its mass and stiffness distributions, any subsequent 
changes in them should be theoretically reflected in changes in the frequency and 
mode shapes of the structure (Catbas, Brown & Aktan , 2006,p1699). This 
phenomenon can be used for a structure under the construction stage since during 
this stage new structural elements are added into the structure according to the time 
schedule. Consequently, the mass and the stiffness of the structure change 
considerably.  Moreover, if the structure is constructed in concrete, the stiffness of 
already constructed structural elements changes significantly, because of the 
variation of the Young’s Modulus of the concrete with time. As a result, the natural 
frequencies and the mode shapes of the structure will also change significantly 
during and after the construction. Figure 1 illustrates further this phenomenon. In 
figure 1, Eij stands for the Young’s Modulus of ith element during jth stage.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: A typical view of construction and service stages of a building   
 
As stated earlier, axial shortening takes place during the construction. This gives a 
large impact on the state of maturity of the structure. The practical concept 
mentioned in this paper is to predict the axial shortening using vibration 
characteristics of a structure. The accelerometers can be used to measure the 
vibration characteristics and they are also very convenient to deploy on the elements 
than the other gauges. Therefore, quantification of the axial shortening is convenient 
using ambient measurements. Another benefit of this concept is that using the 
outcomes, the performance of the structure can be assessed. 
 
 
Methodology 
One of main goals of this research is to develop a load time history based analytical 
procedure to capture the impact of the construction sequence combined with the 
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time varying values of Young’s Modulus, creep and shrinkage models of concrete. 
Creep and shrinkage models of the GL2000 method are used as the material 
models. 
 
The time varying Young’s Modulus plays an important role in this research since this 
is one of major governing factors controlling the behaviour of axial shortening in the 
analysis. The time varying Young’s Modulus of concrete can be calculated based on 
equations given in the GL2000 method and it is substituted into the below 
equation(equation 1)  in order to obtain the time varying Young’s Modulus of 
reinforced concrete elements(Gardner, 2004, p 770) (Alexandar, 2001,p 36). 
 
TA
R
A
R
EC(t)ACE
TE

)(t                                                                                                  (1) 
 
Where 
TA , CA and RA  - areas of reinforced concrete section, concrete and reinforcements 
respectively. 
)(tTE , )(tCE  and RE - the modulus of elasticity of reinforced concrete section, 
concrete and reinforcements respectively.  
 
Considering equation 1, the influence of reinforced concrete is introduced into the 
analysis as a time dependent mode. 
 
Tall buildings commonly have floor plans consisting of perimeter columns and a 
central core. Systems such as slip and jump forms that are commonly used for core 
construction increases the age difference and loading history of gravity load bearing 
elements on the same floor and has the further influence on differential axial 
shortening. Thus, the method of construction and its sequence have a significant 
impact on calculation of axial shortening as the loading history and the construction 
time lag among the elements depend on them. Time history analysis using 
strategically located compression only elements are used to simulate the impact of 
construction sequence and time based load application(SAP2000.10 manual. 2004)  
(ETABS 9.5.0 manual, 2004). 
 
Some high rise buildings will have very geometrically complex structural framing 
systems so that it may not be very convenient to calculate the loads on the vertical 
members. In such cases separate finite element models are developed for separate 
floors according their geometric differences and quantified the dead load of them. 
These dead loads are used for the finite element model of the whole structure to 
represent the influence of loads due from floor above during the construction. 
 
According to the construction process of high rise buildings, typical time varying load 
history of a concrete element in the building can be represented in figure 2 by 
assuming the load coming from the nth floor acts on the (n-1)th floor without any time 
lag so that variation of the Young’s Modulus of the concrete at this instance is only 
deemed to be constant. In addition, the stress in concrete elements due to the dead 
load coming from top floors is less than 0.5 Fc’ (where Fc’= characteristic strength of 
concrete). Therefore, it is clear to state that this stress is under the linear elastic 
region so that the principle of super position which states that the strain response 
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due to the sum of force histories is the sum of the individual response can be utilized 
for load application occasion (Alexandar, 2001,p 36).   
 
 
 
 
 
 
 
 
 
 
  
 
Figure 2:  The force history of a typical concrete element 
 
Considering the calculated dead load from the sub models, time history analysis is 
used to apply these loads as a time dependent mode for the FE model of whole 
structure based on the construction sequence.  
 
Analysis 
The flow chart illustrated below represents the analysis steps. The initial condition of 
the structure is considered as unstressed and settlements due to the soil are 
neglected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Flow Chart of the analysis steps 
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A finite element model is developed for whole building and included the compression 
only elements into model according to the construction method. Separate finite 
element models are developed for the floors according to their geometric differences 
and the dead load of them are calculated and applied for the finite element model of 
whole structure to represent the influence of loads coming from top floors during the 
construction. 
 
The applied loads are then activated according to the construction sequence and 
acquire the nodal displacements. This procedure is continued with ET(t)( the modulus 
of elasticity of the reinforced concrete) as shown in figure 3. Finally, the obtained 
nodal displacements are substituted into equation 7 in order to obtain the axial 
shortening of the structural elements with the time. 
 
 
Calculation-Creep, Shrinkage and Elastic Deformation 
Having obtained the relative nodal displacements at the each step form the analysis, 
equation 2 given below is used to determine the axial shortening of each element 
due to the applied load. The equation representing the total strain of the GL2000 
method is arranged into the following format in order to obtain equation 2 (Gardner & 
Lockman,2001, p159) (Gardner.& Lockman ,2001,p 111) (Gardner & Lockman ,2001 
p112) (Gardner & Zhao,1993, p 240). 
SCET ξξξξ   
Where Tξ , Eξ , Cξ and Sξ  are total, elastic, creep and shrinkage strains respectively 
for a element.  
sξ
cm28E
28φ
0cmt
E
1σξT 








  
Where   - the axially developed stress, Ecmto- the modulus of elasticity at the time of 
loading, Ecm28- the mean modulus of elasticity at 28 days, φ28 –the creep coefficient 
based upon 28 days modulus of elasticity 
  
Considering 
L
U(t)E
0cmt
  where U(t) - difference of the nodal displacements (the 
relative nodal displacement), L –the length of the element, the above equation can 
be written as  
 sξξ
cm28E
28φ
L
ΔU(t)
0cmt
E
L
ΔU(t)
T  



                           
According to the principle of superposition, the total strain in a concrete element at 
time tn subjected to the force history shown in Figure 2 can be written as 
sξξ
n
1i cm28E
28φ
L
)iΔU(tocmt
E
L
)iΔU(t
T  







 0  
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The cumulative elastic, creep and shrinkage shortening of a single element up to 
floor level n with respect to its own base can be written as 
0
Tξ L)nΔh(t   
In order to obtain the vertical displacement relative to the foundation of a particular 
level (n), the second summation of the above equation is considered since all the 
elements below that level are needed to be considered. Hence, considering the 
cumulative elastic, creep and shrinkage shortening of all elements of a column up to 
floor level (n,) the equation can be written as. 



n
1j
)n(tjΔh)nH(t                                                            (2) 
Equation 2 represents the axial shortening, )
n
H(t of the element at the considered  
time, tn.    
 
A high rise building as shown in Figure 4 is used to study the methodology described 
above. This building has two outrigger and belt systems which are constructed in 60 
MPa concrete and they spread over two floors; between 10 and 12 and between 42 
and 44 .The height of the storey is 4 m and the building consists of 64 storeys. 80 
MPa and 60 MPa strengths of concrete are considered for the columns and for the 
core respectively. The analysis is carried out taking into account the dead and the 
superimpose dead loads. The core is connected to the columns using sixteen shear 
walls at locations where outrigger systems are placed. Having occupied 4500 days, 
the analysis is done taking into account the construction sequence as 7 days per 
floor and the results of column X, column Y and the core as shown in Figure 4 are 
discussed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: The isometric view and the sectional end view of the building 
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Figure 5: A typical plan view of the building 
 
Results and Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: The axial shortening of the core, column X and column Y  
 
 
                                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: The elastic shortening of the core, column X and column Y    
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Figure 8: The differential axial shortening between the core and column X (left) and the 
difference axial shortening between the core and column Y (right) 
 
While changing Young’s Modulus of the reinforced concrete elements, a combination 
of the compression only element and time history analysis is used to formulate the 
real staged constriction procedure and capture load migration among structural 
components during and after the construction.  
 
Figures 6 shows that axial shortening of columns X and Y are different as these two 
structural components acquire the loads from different tributary areas. This highlights 
the need to examine the differential axial shortening between columns designed for 
different loads. 
 
Figure 7 depicts the elastic shortenings which are directly proportional to the force 
acting on the structural components. Magnitude of the elastic shortening of the core 
becomes more pronounced with the building height than those of the columns since 
considerable amount of the load from top floors migrates to the core through the 
outrigger and belt systems. This is a very important identification as existing axial 
shortening calculation procedures do not capture such an important load migration.           
 
It is interesting to note from Figure 8 that magnitude of differential axial shortening 
between the core and column Y is less than that of between the core and column X. 
This is because column Y is connected with the core through stiff shear walls of 
outrigger systems and these walls control the relative movement between these two 
structural components.   
   
The Practical Concept 
The model flexibility (MF) representing the relationship of dynamic characteristic of 
structure such as modal vectors and natural frequencies are used to develop the 
practical concept mentioned in this paper. MF is becoming more popular in health or 
performance assessment of structures nowadays since when structures are 
becoming more complex and have different geometries, crucial importance of 
assessing the performance of structures are identified. Therefore, there are several 
studies are being done in this arena relevant to bridge engineering, but it is not 
widely spread out in building arena. However, currently many developers economize 
on land area by constructing high rise buildings. Now demand for constructing high 
rise buildings is increasing because of several reasons such as scarcity of land in 
urban area, increasing demand for business and residential space, economic 
growth, technological advancements, innovations in structural systems, desire for 
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aesthetics in urban settings, concept of city sky line, cultural significance and 
prestige, human aspiration to build higher etc. As a result, there are high rise 
buildings having different geometries and mechanisms being constructed so that 
crucial importance of applying MF method for building arena is identified (Zhao & 
Dewolf,2006,p 410) 
  
 
Modal Flexibility Method 
The structural flexibility ][F  can be estimated from the measured mass-normalized 
mode shape matrix ][ and the diagonal matrix containing the reciprocal of the squire 
of natural frequencies in ascending order ]/1[ 2  as (Catbas, Brown & Aktan , 
2006,p1699) (Zhao & Dewolf,2006,p 410) 
 
T
2 ][φ[φ]ω
1[[F]   
 
In this research, this concept will be considerably amended to develop the 
relationship between MF and the axial shortening during and after the construction 
so that pre estimated axial shortening can be verified using in situ measurements 
conveniently. The outcome of this relationship will be used to assess the 
performance of the structure as well. Presently, the research is being carried out 
regarding this phenomenon.   
 
 
Conclusion 
According to the above results, it is concluded that the combination of Finite Element 
Technique, time varying Young’s Modulus, compression only elements, time history 
analysis method and the GL2000 method can be successfully used to quantify the 
differential axial shortening since load migrations, which play a crucial importance of 
the calculation, and the influence of the tributary areas can be captured accurately. 
Existing axial shortening calculation procedures are unable to capture these 
important capabilities. Secondly, after developing the relationship between modal 
flexibility and axial shortening, it is very convenient to verify the pre estimated 
quantities of axial shortening using in situ measurements because of convenient of 
embedding accelerometers on the elements. Consequently, the detrimental effects 
occurring due to differential axial shortening can be truncated into considerable level.  
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